Abstract--The heat capacities of kaolinite (7 to 380 K) and of dimethyl sulfoxide (DMSO) intercalated kaolinite (20 to 310 K) were measured by adiabatically shielded calorimetry. The third law entropy of kaolinite, S~98, is 200.9 + 0.5 J.mol ~.K -~.
INTRODUCTION
We have measured the low-temperature heat capacity of kaolinite in order to obtain a more precise value for the entropy, S~98, than has been previously available. This is part of an ongoing study of the thermochemistry of minerals and aqueous species in the system AI203-SiO2-H20 as related to the formation of bauxite deposits (Hemingway and Sposito, 1989; Hemingway et al., 1977 Hemingway et al., , 1978 Hemingway et al., , 1991 Robie et aL, 1976) . Kaolinite commonly forms as one product of weathering or hydrothermal alteration of feldspar-rich rocks. Under favorable conditions this leads to the formation of large scale deposits of kaolinite of enormous commercial value. Desilication of the kaolinite under conditions of tropical weathering yields the"bauxite" minerals, diaspore, gibbsite, and boehmite. A knowledge of the thermodynamic properties of kaolinite is thus desirable for the quantitative modeling of the chemical equilibria involved in the weathering or hydrothermal alteration processes leading to these deposits.
Kaolinite has the ability to incorporate many different organic molecules between lamellae thus forming an intercalate. This property makes it possible to use kaolinite as a "clay catalyst" (Thomas, 1982) . Dimethyl sulfoxide (DMSO) (CH3)2SO is one of the best studied of these organic intercalates. Specific heat measurements on the intercalate in the region of the melting temperature of pure DMSO may provide useful information concerning the structural behavior of the intercalated organic molecule. For this reason we have also measured the heat capacity of a kaolinite:DMSO intercalate between 20 and 310 K.
The heat capacity of kaolinite has been studied previously by King and Weller ( 1961) between 53 and 296 K and by Hemingway et al. (1978) between 340 and 600 K. Lipsicas et al. (1986) present a graph of the heat capacities of Georgia kaolinite, the kaolinite:
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EXPERIMENTAL

Materials
The kaolinite sample was obtained from the Source Clay Repository of the Clay Minerals Society and is well-crystallized Georgia kaolinite, KGa-1. Van Olphen and Fripiat (1979) give details on the location of the sample source, method of collection, processing and chemical analysis of these source clays. Part of this sample was run in the "as received" condition, except for vacuum drying at room temperature. A second aliquot of KGa-1 was intercalated with DMSO as described by Lipsicas et al. (1986) .
After loading the kaolinite sample into the calorimeter the calorimeter was placed in the vacuum sealing jig described by Robie et al. (1976) and evacuated. After two hours evacuation at 6.6 Pa the valve separating the bell jar from the vacuum pump was closed and the bell jar and calorimeter were back filled with helium gas to a pressure of approximately 5 kPa. The calorimeter was then sealed. For our heat capacity measurements the kaolinite mass was 16.465 g.
From preliminary experiments it was known that the as-received kaolinite:DMSO sample suffered an approximate 20% weight loss after being pumped under vacuum. This loss was accompanied by a change in color from beige to light cream, presumably because of the removal of the excess surface adsorbed DMSO. Accordingly, after loading the kaolinite:DMSO sample into the calorimeter, it was evacuated to a terminal vacuum of ~23 Pa for six hours before back filling with He gas at 5 kPa and sealing the calorimeter. After completion of the heat capacity measurements the sample was analyzed for total sulfur using a Leco SC 132 sulfur analyzer to calculate the amount of inter- calated DMSO. The result, 9.1 wt. % sulfur, leads to a weight fraction of 0.78 for kaolinite and 0.22 for DMSO, or a formula of AlzSi2Os(OH)4"0.94 DMSO. Figure 1 shows X-ray diffractometer profiles for wellcrystallized Georgia kaolinite KGa-1, and for the DMSO intercalated kaolinite. The small peak at 12.3 ~ 20, Figure la , corresponds to the (001) reflection of kaolinite and indicates the presence of a minor amount of unintercalated material. Based upon the ratio of the peak heights, we estimate less than 5% unintercalated kaolinite. For the measurements on the kaolinite:DMSO intercalate the calorimeter contained 23.649 g of sample.
Measurements
The calorimeter-cryostat assembly and the automatic data acquisition system used for our heat capacity measurements have been previously described (Robie, 1987) . The measurements have an accuracy of _+10% below 10 K, 0.5% between 10 and 50 K and _+0.2% above 50 K.
RESULTS AND DISCUSSION
Kaolinite
Our experimental results for kaolinite are listed in their chronological order of measurement in Table 1 and are shown graphically in Figure 2 . The heat capacity of kaolinite follows a norma ! sigmoidal shaped curve. The data are not corrected for the presence of impurities or deviations from stoichiometry.
The results of two chemical analyses of kaolinite KGa-1 are listed in van Olphen and Fripiat (1979) and show the presence of 1.39 to 1.58 wt. % TiOa as the Nagelschmidt et al. (1949) have shown that the ubiquitous TiO2 present in the sedimentary kaolinites of Georgia is in the form ofanatase. We therefore corrected our results for the presence of 1.5 wt. % TiO2 using the heat capacity data for anatase of Shomate (1947) and Dugdale et aL (1954) . This correction ranges from 0.0 to +0.5% between 50 and 350 K.
Below 17 K the Cp data behave approximately as a Debye solid and can be fitted with a Debye function for which 0D = 500 K. We used this value to extrapolate our heat capacity values below 10 K after correcting for TiO2. Above 10 K our data were fitted by smoothing splines to generate smoothed values (Table 2) for the molar thermodynamic properties of kaolinite. The extrapolation below 10 K contributed 0.1 J-moP1. K-I to S~9s.
Our values for the molar heat capacities of kaolinite between 100 and 300 K are in good agreement with the previous results of King and Weller (1961) , on a kaolinite sample from Gordon, Georgia. The values range from 0.2% greater at 300 K to 0.3% smaller at 100 K. Below 100 K, however, our values become increasingly smaller than those of King and Weller (1961) . The difference is -4.7% at 75 K and -19% at 50 K. We can provide no explanation for this discrepancy, in particular since for other compounds studied by both laboratories the difference has never been greater than 2%. It may represent a real difference between the two different kaolinite samples.
At 298.15 K'our value for the standard molar entropy of AI2Si2Os(OH)4 (kaolinite) is 200.9 _+ 0.5 J-mol ~.K -~ and is 2.65 J-mol L.K-~ smaller than the value obtained by King and Weller (1961) . Their value included a conLribution to $298 of 8.5 J.mol l-Kt based upon their estimated values for C~ at temperatures below 51 K. Lipsicas et al. (1986) published a graph of COp versus temperature for "untreated" KGa-1 kaolinite, measured by differential scanning calorimetry. After multiplying by 4.184 we get 71.5 and 184.5 J-mol-i. K t at 120 and 280 K, respectively, using their graph. On the other hand our measurements and those of King and Weller (1961) between our results and those of Lipsicas et al. (1986) for the heat capacity of kaolinite, we make the following observations: Three independent sets of measurements [present study, King and Weller (1961) , and Hemingway et al. (1978) ], using three different types of calorimeter and kaolinite samples from three different localities give values for C"p in the region of overlapping measurements that agree within 3%, whereas the values of Lipsicas et al. (1986) are systematically about 30% smaller.
Secondly, the C~p values for DMSO measured by Lipsicas et al. (1986) and shown in their Figure 6 are greater than the precise adiabatic calorimetric measurements for DMSO of Clever and Westrum (1970) by 23% at 240 K, by 52% at 260 K and by approximately 63% at 270 K! Furthermore, the heat capacity of benzoic acid, which was used by Lipsicas et al. (1986) to calibrate their calorimeter, has also been measured in our laboratory on two different occasions. Robie and Hemingway (1972) and Hemingway et al. (1977) produced results, above 40 K, that agree with those of Ginnings and Furukawa (1953) to ___0.1%. Lipsicas et al. (1986) used the C~p values for benzoic acid of Ginnings and Furukawa (1953) for their calibration. Therefore, it seems likely that there may be a procedural error in the data reduction scheme used by Lipsicas et al. (1986) .
Kaolinite:DMSO intercalate
Our specific heat measurements on the DMSO-intercalated sample are listed in Table 3 . The sample was measured through the "melting" or transition region twice. The initial measurements, series 1 and 2 of Table  3 , were made in 5 K steps, up to 308 K. The calorimeter was then cooled to 249 K and a new set of measurements was made using temperature increments of 1 to Table 3 . DMSO.
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Experimental specific heats of a kaolinite:DMSO intercalate of approximate composition A12Si2Os(OH)4-0.94 2 K in order to refine the shape of the curve in the region of anomalous heat capacities. The two sets of data are in excellent agreement, _+0.2%, and show no sign of hysteresis. The shape of the specific heat curve for the kaolinite: DMSO intercalate in Figure 3 is very similar to that obtained for pure DMSO by Clever and Westrum (1970) . Two differences stand out: (1) the "melting point" of DMSO in the intercalate 288.0 + 0.2 K is significantly lower than that of the pure DMSO, 291.6 K, and (2) the heat capacity of pure DMSO liquid is roughly 25% greater than that of the solid (extrapolated into the liquid region), yet the heat capacity of the DMSO in the intercalate (in the liquid region) is very nearly the same as that of the solid DMSO in the intercalate. We interpret this behavior to imply that above the melting point the intercalated DMSO retains some of the order of the solid. That is, the intercalated "'liquid" has fewer degrees of freedom than the pure DMSO liquid, and thus a smaller heat capacity. This is what one expects from the structural models proposed by Johnston et al. (1984) and Thompson and Cuff(1985) .
The DMSO molecules are constrained within the kaolinite layers by hydrogen bonding between the sulfonyl group oxygen and the OH of the inner surface hydroxyls (gibbsite layer) of the kaolinite.
Over the temperature range 80 to 240 K the specific heat of the intercalate behaves as an additive function of the weight fraction of the two components (kaolinite and solid DMSO) to within 5%. Thus ifcK is the specific Table 3 and were made with temperature increases of approximately 5 K. Open triangles are data from series 3 and were made using temperature increases of 1 to 2 K. Vertical dashed line is the melting point of pure DMSO, 291.6 K.
heat of kaolinite, co the specific heat of DMSO, and c~ the specific heat of intercalate, all in J.g-~ .K -~, and x the weight fraction of kaolinite, 0.78, and 1 -x the weight fraction of DMSO, then
If one assumes that this additive relation holds above the 288 K "melting point" of DMSO in the intercalate, one can calculate a heat capacity of "liquid" DMSO in the intercalate. The result is that pure, liquid DMSO has a heat capacity at 300 K, which is greater than DMSO in the intercalate by about 0.067 J.g-~-K -~ or 5.2 J.mol-~-K-L This is of the order of 0.6 R (R = 8.3145 J-mol 1. K-~). The "melting transition" in the DMSO-intercalated kaolinite was not observed by Lipsicas el aL (1986) , in part because their measurements terminated at 280 K, and 8 K below the transition temperature.
We have considered the possibility that the anomalous heat capacities between 260 and 288 K arise from the presence in our sample of interstitial, nonintercalated DMSO. The excess enthalpy between 260 and 288 K was obtained by numerical integration of the observed C~-estimated normal C~p. This we did by extrapolating the measured heat capacities above 290 K linearly backward to 260 K" The value obtained was 11.3 J.g 1. The enthalpy of fusion of pure DMSO is 183.9 J.g ~ (Clever and Westrum, 1970) . In a 1 g sample of AI2Si2Os(OH)4"0.94 DMSO, there is 0.22 g of DMSO. Therefore, if all the DMSO were present as a second, nonintercalated phase, the enthalpy effect in heating from 260 to 288 K would be (0.22 g)(183.9 J.g-~) = 40.4 J. Thus the observed 11.3 J excess enthalpy could arise by having 28~ of the DMSO in our sample be intergranular and nonintercalated. This is at variance with the X-ray data that indicate that the sample is at least 95% intercalated. Therefore, one must conclude that the "melting" transition in the intercalate is real and does not arise from the presence of free DMSO.
